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ABSTRACT <fb5 
9t{ 

A spectroscopic technique is described for measuring nonequilibrium 

shock front rotational, vibrational and electronic temperatures. This 

method uses a triple channel monochromator which is able to resolve the 

vibrational structure of diatomic molecular radiation, and a ITlOnitor chan-

nel to observe an electronic transition composed of many vibrational trans-

itions. Measurements are made on incident nitrogen shock waves by 

observing the A v = + 1 sequence of the N2 + (1-) and N2 (l+) systems. As 

well as giving nonequilibrium temperature results, this experiment has 

given equilibrium radiation intensities which indicate an f nutnber at the 

0, ° transition of .035. 
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1. INTRODUCTION 

Shock front excitation and relaxation processes involving diatomic 

molecules determine to a large extent the flow and radiation field around 

hypersonic re-entry vehicles. The study of these processes is therefore 

quite imp0l'::.a~,t. For sufficiently strong shock waves, the instantaneous 

translational temperature just behind the shock is higher than the equi-

librium temperature. The approach to equilibrium is then governed by 

the rates of vibrational relaxation, dissociation and.ionization. During 

this relaxation process, electronic excitation rates can proceed suffi­

ciently fast and are capable of producing radiation overshoots. l The 

purpose of the present work was to examine this shock front radiation in 

a shock tube and to develop a spectroscopic method for measuring tem-

peratures in the relaxation zone. 

The equilibrium temperature behind incident and reflected shocks 

has been measured by several workers using different techniques. 

Parkinson and Nicholls 
2 

used CN as a thermometric molecule to measure 

rotational temperatures in reflected shocks in argon. Faizullov et al3 

used sodium line reversal techniques to make time history studies of the 

sodium electronic temperature in incident shock waves. Wurster and 

Treanor,4 employing another technique, utilized the absorption of light 



by °2 . The calculated temperature dependence of the absorption allowed 

the temperature to be defined. More recently, Watson5 measured tem­

perature by observing the light emitted from OH 2~ -- 27r simultaneously 

in two separate wavelength regions. The results of these different experi-

ments are all in general agreement with theoretically calculated equilibrium 

temperatures based on initial pressures and shock speeds. 

One of the :most interesting shock front regi:mes for :making te:mpera-

ture :measure:ments is the nonequilibrium region. Te:mperature :measure-

ments in this region are difficult to interpret because of the nonequilibriu:m 

nature of the gas. At any given point in the relaxation region, different 

temperatures can be used to describe the state of the translational, rota-

tional, vibrational and electronic degrees of freedom. One :must assu:me, 

of cour se, that the distribution of energy over each degree of freedo:m is 

Boltzmann-like. In a nonequilibrium gas sample, the te:mperature of a 

thermometric :molecule :may not be the same as that of the gas. For this 

reason, one of the constit'l!ent :molecular radiators of the gas should be 

used to :make :meaningful nonequilibriu:m te:mperature :measure:ments. 

Qualitatively, the method used for making nonequilibrium tempera-

ture :measurernents on incident shocks in this study was to exa:mine how 

the rnolecular band structure of the radiation varied in the nonequilibrium 

region, after normalizing to the equilibriu:m te:mperature based on the 

shock conditions. 

-2-



II. EXPERIMENTAL 

a) Shock Tube 

These nleasurenlents were nlade in an electric arc-driven six-inch 

shock tube. The operation of this shock tube has been thoroughly described 

in the literature. 6 Measurenlents were nlade on incident nitrogen shocks 

viewed through copper knife edges nlounted in the test section which was 

located 20 feet downstream from the driver. The speed was measured 

using photonlultipliers which located the arrival of the shock wave at 

equally spaced locations over the last 10 feet of the tube. To keep impuri-

ties at a nlininlunl, a flow system was used. The shock tube was pumped 

down to a few iJ. Hg pressure and allowed to outgas for several hours before 

each run. The resultant leak rates at the end of this period of outgassing 

were less than 1 iJ. Hg per nlinute. 

b) Monochromator 

The instrument used in these measurenlents was a Jarrel-Ash triple 

channel monochromator. The optical systenl was collimated by a com­

bination of entrance slit and stop size, producing a spatial resolution of 

0.5mm. The entrance slit of the monochromator was imaged on the axis 

of the shock tube using the usual optical train reported in the literature 

for nlaking this type of measurement. 1,7 Wavelength calibration to within 

approximately 0.5 R was achieved by a mercury lamp and the effective 

wavelength resolution on each channel was 5 R. Although intensity cali-

bration was not necessary for making the nonequilibrium tenlperature 

measurements, it was felt that a photometric survey would serve to 
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investigate impurity effects as well as obtain an independent check on the 

+ f number for the N2 (1-) system. 

A monitor channel was also used which employed an Sl surface photo­

multiplier with a cut-off filter at 5500 R. 

c) Measurements 

Shock tube spectra such as those in Fig. 1 show the N2 +(1-) radiation 

to be the prominent radiator from the nonequilibrium and equilibrium re­

gions of incident nitrogen shock between 3500 and-4500 R, and at tempera­

tures in the vicinity of 7000 0 K. The N2 +(1-) Av = + 1 sequence in the 

vicinity of 4200 R was used for inferring the rotational and vibrational 

temperature because the spectra showed this region to be clear of impurity 

radiation from eN, a commonly found impurity in the N2 +(1-) Av = 0 se-

8 quence. 

The three channels of the monochromator were so spaced that the red 

and middle channel could be used to measure the rotational temperature of 

the (0,1) N2 +(1-) transition, while the red and blue channel could be used 

to measure the vibrational temperature by observing the (0, 1) and (2, 3) 

vibrational N2 +(1-) transitions. The monitor channel was used to view 

essentially only the N 2(l+) band system and was identical to that used by 

Allen et all to observe the N2 (1+) radiation in measuring N2 recombination 

rates. Typical oscillograms of photomultiplier signals for these three 

channels and the monitor channel are shown in Fig. 2. The radiation 

emitted is from an incident nitrogen shock, Us = 6. 9 mm/ J.Lsec, PI = 1. 0 

mm Hg. The wavelength resolution of each channel was 5 R. The red 

channel was centered at 4266 R, the middle at 4243 R, and the blue'at 
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4195 R. These wavelength locations, depicted in Fig. 3, were the positions 

used for measuring temperature. After going through a maximum, the ra-

diation was observed to decay to an equilibrium level. The equilibrium 

region as shown in Fig. 1 was found to extend for approximately 20 Jlsec. 

Figure 3 shows a wavelength survey obtain~d with various monochromator 

settings for repeated shock tube runs at 6.9 mml Jlsec. The theoretical 

curves in the figure are discussed in the next sectlOn. 

III. EQUILIBRIUM RADIATION 

a) Equilibrium Radiation Distribution 

The N2 +(1-) system. lends itself well to making rotational or vibrational 

temperature measurements. The spectroscopic constants for this system. 

are well known, 9 and its band structure is relatively easy to calculate. 

S · .. 2"" 2"" . . h . Q b h F h F 1nce 1t 18 a 6.-J- 6.-J trans1tlon, t ere 1S no ranc. rom t e ortrat 

parabola given by 

v = 23391. 22 + 3.976 m + .172 m
2 (1) 

the wavelength location of each rotational line of the (0, 1) vibrational 

transition was located and plotted as shown in Fig. 4 by the dots. '" . V 1S 

1" , 
in ern - ; m = J for P and m = J + 1 for R branch transitions. J is the 

rotational quantum number and the' refers to the emitting states. The 

intensity of each line for 65000 K is also indicated and is proportional to 

S 
I", J 
T; 

e 

, he 
- F (J ) kT 

r 

SJ = J' for R branch and SJ = J'+ 1 for P branch 22:_ 2 2: transitions. Tr 

-5-
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1S the rotational temperature; h, c and k are the are the usual constants; 

and F (J ') is the rotational term value. 

Our experimental resolution, 5 R, was incapable of resolving the 

fine structure; hence, although each individual line of the P and R branches 

was com.posed of three com.ponents, for the purposes of this analysis it was 

assum.ed that they were not split. Since the 5 R experimental resolution 

was also wider than twice the rotational line spacing, no alternation of in-

tensity between successive rotational transitions was assum.ed. This 

alternation is associated with the nuclear spin of hornonuclear m.olecules. 

The resolution function characteristic of each channel of the monochrom.ator 

is shown and was folded with the spectrum.. The result is shown in the lower 

part of the figure together with an approxim.ation which assum.es ~J = 0 and 

then shifts the band edge from. the band origin to the band head. 

Although this approxim.ation which assumes AJ = 0 gives insufficient 

detail of the wavelength structure to allow accurate rotational temperature 

measurem.ents, it does give enough detail for vibration tem.peratures. This 

8 10 11 approxim.ation is used separately by Keck et aI' and Patch in develop-

ing the expression for the radiation intensity from. an optically thin gas 

sample at therm.odynam.ic equilibrium. This expressionlO is, after replacing 

the constants by their proper values: 

d I 
= dVdQdA 

3.19xI0- 34 

-6-
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The symbols are as those given in Ref. lO where R(,F) is the dipole matrix 

element for the transition and may be a function of the internuclear separa-

tion. a is the radius of the first Bohr orbit and e is the charge of the o 

electron. N is the number of molecule s in the absorbing state which is not 

necessarily the ground state, and h, c, and k are the usual constants. 

T and T are the rotational, vibrational and electronic temperatures, v e 

T, 
r 

respectively. The oscillator strength is related to the matrix element by 

the expression, 

f , "=~ v ~ I vv 3R 
00 

where Roo is the Rydberg. 

¢ = kT r 
hc 

1 
Qt' QIt (B' _ Bit) 

v r e e 

R(r) 
ea o 

2 

-(E~ k 

q e Tv 
v'v" 

+ E~ k ) 
Tr 

(4) 

(5 ) 

" [ "/ ]-1 where: Q v = 1 - exp (-hcW e kTv) is the vibrational partition function 

for the absorbing state, (the' refers to the excited electronic or emitting 

state, and the" refers to lower electronic or absorbing state); 

" " Q r = kT r/hcBe is the rotational partition function for the absorbing 

state; 

q is the Condon factor for the transition from v'to v"; v'v" 

Vv = we (v + 1/2) - we xe (v + 1/2)2 + we Ye (v + 1/2)3 is the wave 

number of the v th vibrational level; 

V v'v" = V 00 + (vv' - vo') - (v v" - v 0") is the wave number for the 

vibrational transition between states v' and v"; 

€ v' = hc (v v' - V 0.) is the vibrational energy relative to the ground 

vibrational state for the emitting state; 
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E r' = Be./(B e , - Be") hc (v - V v'v") is the rotational energy for the 

emitting state, with the approximation made that the rotational quantum num-

ber J does not change in a given transition. 

In a transition, J can change by + 1,0 or - 1 giving R, Q and P branches, 

respectively. However, for increasing rotational temperatures where high 

J values are more heavily weighted or where the spectrum is observed with 

coar se resolution, the effect of A J + 1 is washed out. The degree to which 

this approximation matches the detailed calculation for the rotational struc­

ture is shown in Fig. 4. Although it lacks detail within an interval Av'" 

B~/ ABe of the band head, ¢ 11'6 gives a good description of the vibrational 

structure. 

+ ¢ and related parameters were calculated for the N2 (1-) system over 

. 12 
the whole spectrum. The Franck-Condon factors of Nicholls were used 

for the calculation. Extracts from the computer program are shown in 

Table lover the temperature and wavelength region of interest to this ex-

periment. A diagram of the relationship between the tabulated parameters 

and the spectra is shown in Fig. 5. ¢ 1 represents the sum of all contri-

butions from vibrational transitions occurring at longer wavelengths. This 

program also accounted for the interaction of vibration on the rotational 

structure. This effect is displayed in the ex column where ex at a given tem-

perature varies slightly from one vibrational transition to another. 
, 

Be hc 

ex = (B~ _ B~) kT r 
(6) 

The value of ¢ at the band origin for a given vibrational transition is given 

by: 
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Do ¢ = 
B" e 

Q"(B'-B") vee 
qv'v" e 

hc (;; v' - ;; 0 ' ) 

kTv 

~ ¢ is a function of the vibrational temperature Tv' while a is a function 

of the rotational temperature T r. 

b) + N2 (1-) f Number Measurement 

By combining the ~ J = 0 approximation with the detailed rotational 

( 7) 

structure calculation, a theory line was constructed through the data dis­

played in Fig. 3. The theory line was normalized to the data by a I !~rj 12 
value of .45 + .06 and assuming no internuclear separation dependence. 

This value corresponds to an f number defined at 3914 R, the 0,0 transi-

tion of .035, with a standard deviation of + .005. This value is in accord 

with the value of .0348 measured by Bennet and Dalby13 using a radiative 

lifetime technique. It is also in agreement with the value of .032 measured 

by Shumaker 14 from a nitrogen arc. Also plotted in the figure is the possible 

contribution that the N 2 (2+) system might make based on the f number of 0.09 

reported in Ref. 8. Contributions from this source are neglected in the tem-

perature analysis, since probably only second-order effects would be pro-

duced. 

The N2 +(1-) f number of .035 used in conjunction with the ¢ program 

together with up-to-date Franck-Condon factors generate radiation intensity 

levels which match well the measurements of Allen et a1 7 displayed in Fig. 6. 

The spectral distribution of the N2(1+) system was also programmed12 and 

a theory line was calculated using an f number'at the N 2(1+), (0,0) transition 

of . 005 and no internuclear separation dependence. The situation regarding 

-9-



the f number for this system is still unsettled due to various interpretations 

by different workers of the radiation emitted from air and nitrogen shocks,lO 

and the N 2(1+} theory line in the figure is intended prilnarily for comparison. 

IV. NONEQUILIBRIUM TEMPERATURES 

a} Rotational Temperature 

The rotational temperature T r was inferred from a change in spectral 

distribution relative to an equilibrium distribution. The red and middle 

channels depicted in Fig. 3 were used as a two-channel uncalibrated system 

to measure the rotational temperature. The advantage of using an uncali-

brated system was that a change in spectral distribution was more easily 

detected by normalizing the outputs of the two channels to their corresponding 

equilibrium values. This was equivalent to using the equilibrium radiation 

as the calibration source. For a given equilibrium temperature, the result-

ant expression for this normalized ratio as a function G r of T rand T e was: 

( I)(~)_ I eq. M I R -
(8) 

where M refers to the middle channel which has higher J' values than the 

red channel. Figure 7(a) shows calculations for G r versus T r for an equi­

librium temperature of 7000 0 K, and for the monochromator settings depicted 

in Fig. 3. Both the detailed and ~J = 0 calculation assumed a smeared rota-

tional line model. As pointed out before, the use of this model was justified 

since the experimental resolution was more than twice the rotational line 

spacing in either the P or R branches. The detailed calculation separated 

the P and R branches. It was obtained by using a smeared line model applied 

to the two branches separately, and then summing the two contributions at the 
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central wavelength of each channel. The A J = ° approximation was calcu-

lated by applying the smeared line model to a Q branch only. Several 

incident nitrogen shocks were analyzed. The results of a typical run are 

shown in Fig. 8. The open circles indicate the measured rotational tem-

perature. Since the radiation observed by both the red and rniddle channels 

was that of the (0, 1) NZ +(1-) transition, it was assumed that G r was not a 

function of Tv. 

b) Vibrational Temperature 

The spectral distribution to be expected £rorn a radiating gas which has 

a vibrational temperature different than its rotational temperature can easily 

be calculated by extracting from calculations such as those shown in Table I, 

the ~ 4J' s for one temperature, and the a's for another. A 4J and a have 
, 

been previously defined and are the parameters which determine the vibra-

tional and rotational structure of the radiation, respectively. 

The uncalibrated two-channel system composed of the red and blue 

channels depicted in Fig. 3 was used to infer nonequilibrium vibrational 

temperatures by a method similar to that used for obtaining T r. The ex-

pression that resulted was: 

(9) 

The B refers to the blue channel which in this experiment saw a higher 

vibrational transition than the red channel, R. G v was calculated and 

plotted in Fig. 7(b) versus Tv with Tr and Teq. as parameters. 
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The vibrational temperature history of the incident shock of Fig. 8 

was obtained by first measuring the rotational temperature and applying 

the results to calculations similar to those shown in Fig. 7(b). 

c) Electronic Temperature 

The absolute magnitude of the molecular radiation from a high tem-

perature gas is related to an electronic temperature, T e' and the number 

in the ground state, by 

(10) 

where N2 is the concentration of molecules, Qe is the electronic partition 

function, and E e' is the energy of the emitting state relative to the ground 

state. f E () b hc ~o 
E e' can be seen rom q. 3 to e equal to E e" + kT 

e 
where Ee" 

is the energy of the absorbing state above the ground state. For an incident 

shock, if the concentration history is known, an electronic temperature 

history can easily be inferred from the radiation history of a molecular ra-

diator. If an equilibrium temperature is assumed, the absolute magnitude 

of the radiation or the f number for the system need not be known, since the 

observed nonequilibrium intensity I, is related to the equilibrium intensity 

by: 

I (11 ) = 
- E e'/kT 

N2 e eq. eq. 

The N2 concentration history of the incident shock of Fig. 8 was assumed 

to be a constant. An activation energy corresponding to the N 2 (1+) system of 

85, OOOoK and the data similar to that shown.in Fig. 2(c) was used in conjunc-

tion with expression (11) to generate the electronic temperature history shown 
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in Fig. 8. 

These measured temperature histories qualitatively are those ex-

pected for an incident shock wave. The rotational temperature is 

expected to equilibrate in a few mean free paths at the shock front and 

then follow the translational temperature. The vibrational and electronic 

temperatures are expected to relax more slowly. There has been some 

indication that electronic and vibrational degrees of freedom are strongly 

3 8 coupled' however, the results of the present study indicate the elec-

tronic temperature more strongly coupled to the translational temperature. 

Methods developed in the present study should prove very useful for 

measuring nonequilibrium temperatures in the general study of relaxq.tion 

processes. The work can be expanded to include measurements from 

mixtures of gases over a range of conditions. Various constituent radia-

tor s and vibrational transitions could also be used in order to verify the 

assumption of a Boltzmann-like distribution over each mode of carrying 

energy. 

ACKNOWLEDGMENT 

The author would like to express appreciation for the helpful sugges-

tions given by J. C. Keck, and also for the assistance of J. Carlson and 

J. McEachern in the experimental part of the work. 

-13-



REFERENCES 

1. Allen, R.A., Keck, J.C. andCamm, J.C., "Non-Equilibrium 

Radiation from Shock Heated Nitrogen and a Determination of the 

Recombination Rate," Avco-Everett Research Laboratory Research 

Report 110, June 1961. 

2. Parkinson, W. H. and Nicholls, R. W., "Spectroscopic Temperature 

Measurements in a Shock Tube U siD:p CN as a Thermometric Mole­

cule," Can. J. Phys. 38, 715 (1960). 

3. Faizullov, F. S., Sobolev, N. N. and Kudryavtsev, E. M., "Spectro­

scopic Investigation of the State of the Gas Behind a Shock Wave, III, " 

Optics and Spectroscopy~, 400-404 (1960). 

4. Wurster, W. H. and Treanor, C. E., "Spectroscopic Technique for 

Temperature-Density Measurements in Oxygen-Bearing Flows, " 

Cornell Aeronautical Laboratory Report No. AD-lllS-A-lO, 

December 1959. 

5. Watson, R., "Experimental Spectroscopic Temperature Measure­

ments in the Reflected Wave Region of a Shock Tube Using the 

OH 2L; _27f Band System," J. Quant. Spect. Rad. Trans£. 2" 255 

(I963). 

6. Camm, J.C. and Rose, P.H., "Electric Shock Tube for High Velocity 

Simulation," Avco-Everett Research Laboratory Research Report 136, 

July 1962. 

7. Allen, R.A., Camm, J.C. and Keck, J.C., "Radiation from Hot 

Nitrogen," J. Quant. Spect. Rad. Trans£. J:., 269-277 (1961); also 

Avco-Everett Research Laboratory Research Report 102, April 

1961. 

-14-



8. Keck, J.C., Camm, J.C., Kivel, B. andWentink, T. Jr., "Radia­

tion from Hot Air. Part II," Annals of Physics 7, 1-38 (1959); also 

Avco-Everett Research Laboratory Research Report 42, February 

1959. 

9. Herzberg, G., Molecular Spectra and Molecular Structure. Vol. 1. 

Spectra of Diatomic Molecules (Van Nostrand Co., Inc. New York, 

1950). 

10. Keck, J. C., Allen, R. A. and Taylor, R. L., "Electronic Transition 

Moments for Air Molecules," J. Quant. Spect. Rad. Trans£. 1, 
November 1963; also Avco-Everett Research Laboratory Research 

Report 149, March 1963. 

11. Patch, R.W., Shackleford, W.L. and Penner, S.S., "Approximate 

Spectral Absorption Coefficient Calculations for Electronic Band 

Systems Beldnging to Diatomic Molecules," J. Quant. Spect. Rad. 

Trans£. b 263-271 (1962). 

12. Nicholls, R. W., "Transition Probabilities of Molecular Band Sys­

tems XVIII: Franck-Condon Factors to High Vibrational Quantum 

Numbers I: N2 and N2 +,,, The University of Western Ontario Scien­

tific Report No.6, May 15, 1961. 

13. Bennet, R. G. and Dalby, F. W., "Experimental Determination of 

the Oscillator Strength of the First Negative Bands of N2 +," J. Chern. 

Phys. 31, 435 (1959). 

14. Zwicker, H. and Schumacher, U., "Spectroscopic Studies of the 

Energy-Density in Confined Plasmas, II Proceedings of the 6th 

Conference on Ionization Phenomena in Gases, Paris, France, 

July 8-13, 1963, p.170. 

-15-



TABLE I 

SPECTRAL DISTRIBUTION FUNCTION AND RELATED PARAMETERS N2+ (1-) BAND SYSTEM 

V' V" li,cm-I )., A 4>2 £::,4> 4>1 v~ cm- 6 4>2v6,cm-6 a J4> 'V 6 d}.. cm-5 

\<:1 19 
29 21 
71 ?U 
24 .21 

, I 
t'A 21 
15 16 
7':1 71 

I , 
;n 21 
26 21 
Ifl Ie 
1 1 

\4 15 
2? Z() 

l '. 
zc 1<; 
1 ~ 14 

4 " 

It) I') 
1<; 11 
21 ct 
(,4 It 
o 

n 71 
Pi 10 
1') 7\ 

I l 
21 21 
7t: ;>l 
IP I,! 
1 , 

14 1<' 
77 71) 

1 '. 
7C 1'; 
I ~ 14 

4 

l'i 11 
11 n 
74 ?I 

C 1 
?Ii 71 
l'i 11. 

.. " I' I I 
71 71 
2f. 1'1 
If' II' 

1 1 
14 I', 
27 7\: 

1 4 
1(: 1<; 
1 ~ 1', 

4 

1<) 1', 
?<) 21 
J\ ?(, 
/(, 11 

, I 
It! 7I 
15 Ie 
7'5 71 

I , 
?1 11 
7(, 11 
If! 11: 

, J 

14 I:. 
J? 7t: , 
10 1'1 
13 It, 

'. 

'\"1 II 
."J 11 
11 /e 
;>4 ?\ 

, I 
71' ?I 
l'i \,<. 
;>'> 11 , 
;1 ?L 
)~. Ii 
IP. II' 

2 , 

14 1'J 
17 /r: 

1 '. 
;-C' I', 
13 .I', 

" 'i 

lH31.() 
21l'I·tj.6 
7. HO!>.t: 
;>.~ Il'i. I 
7 '\ WI • .' 
2P:i':i().O 
23':i%.1 
n5H.4 
2 ~61() .I! 
2Hd~.1 

2HOI.l 
('31''31.3 
?Hlll.G 
n~4'1.0 
.':lJl1.'1 
<,4u?!." 
?4~;.a,.1 

140.;:;,1·1.1 
14tH(.I. 

~ I.! ~ '(. I) 
2111.1:.(, 
/II(J'i.(: 
7.1"1<''').1 
lIYil.:' 
1I',',I,.ll 
"I "":',C. I 
;n~7(.I. 

1)67,).1" 
lll"I\.1 
2":\701 • .' 
)i l:31.3 
/31'.'\/.1 
l"p'·I.',.(; 
;.> , J? ~. ; 
;?4r';, 1.1 
.?',I,)t</ •• 1 
:U.C'JII. ~ 
.',.j t<" ." 

.'1,'( 
i'11,,)"( 
731,,').1 
i'l}·II.,' 
; l '; ',~ .;. 
i'P,,:, ,.1 
J ~ .. ! t • I, 
:-31:?l> ... 
:,,\t"li.,' 

,"'''(11.' 
~ ~;, n. \ 
2l' I'. 
llil,',.1 
? j'J/'. ) 
1',I,?I.· 
:-",1)' •• 1 

/ ,,1" 

.",-11. 
'1 .... ('.,. 

.... "11·,.,. 
;'11/',.1 
/1":1./ 
;, ~'i I, .• 1) 

;'J':':I,J.l 
"",7/. 1, 

I H",,). 1 
.. 'j"'}!., 
~'1 11.)] ./ 

l 'PI ~ I. '\ 
":1;").' ... 
,/ H",').',,, 
J "~I;' ',. J 

;' 4.'~' 1 ." 
1',11,,4,1 
141,,',: • 
1.'.Il-f.', 

!\,I(. 
/ ~I ',I • ~ 

,~ I 1\", .' \ 
/.11;",.1 
7.\\11.,' 

,.. i'l',·I.1 
I )'>f 1.1, 

"\1>;>,'." 
131)'} I. I 

I! /01.7 
2J'Jll.", 
?3d'l?I' 
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SHOCK 
FRONT 

A. Race track spectrograms of shock waves in nitrogen. The 
over shoot and equilibrium radiation of the N 2 +(1-) radia­
tion is clearly identified. 

B. Oscillogram record of radiation observed in the. 55 - 1. 1 J.l 
region showing the radiative overshoot and relatively flat 
equilibrium region. All pictures on the top line are scaled 
to the same shock thickness. 
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NITROGEN DATA 
PI = I.Omm Hg 
Us=6.4 mmlfL SEC 
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MONITOR 0 

(5500-11,000 A) 

TIME .. 

Fig. Z OscillograITl records of the radiation froITl an incident shock in 
nitrogen. The red, ITliddle and blue channels of (A) and (B) have 
a wavelength resolution of 5 R and are located to view the various 
vibration rotational lines of the N Z +(1-) systeITl in such a way that 
the vibrational and rotational teITlperature histories can be inferred. 
(C) views the NZ+(l+) radiation froITl which the electronic teITlpera­
ture history can be inferred. 
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Fig. 3 
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Equilibrium nitro~n data obtained with a triple channel mono­
chromator with 5.x. resolution in each channel. The 0, 1 NZ+(l-) 
band head is clearly located. The solid line is the theoretical cal­
culation for the NZ+ (1-) system using the method depicted in Fig. 4, 
and an f number of . 035 at the 0, ° transition with no internuclear 
separation dependence. 
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(Upper) Relative intensity of the individual rotational lines of the 
P and R branches of the N2 +(1-) 0, 1 transition ver sus wavelength 
at 6500 oK. (Lower) Average intensity per unit wavelength as seen 
by the given resolution function compared with the approximation 
which assumes A J = O. 
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Fig. 5 Diagram showing the relationship between the information of Table 
I and molecular radiation band structure. The calculation uses a 
smeared line model and also the approximation which assumes that 
~ J = 0, for all vibrational rotational transitions. 
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Fig. 6 Equilibrium intensity measurements from Allen et al 14 showing 
how the presently determined f value of . 035 at the 0, 0 transi-
tion for the N2 +(1-) system fits this older data and assuming no 
internuclear separation dependence for the matrix element. The 
N2 (1 +) theory line is based on an f number measured at the 0,0 
transition by the author, and also assuming no internuclear separa­
tion for the f number. 
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Fj.g. 7 Curves by which the nonequilibrium rotational (A) and vibra­
tional (B) temperatures can be deduced from measurements for 
the monochromator settings depicted in Fig. 3 and for an equi­
librium temperature of 7000o K. G r is the ratio of the middle to 
the red channel intensity normalized to its equilibrium value. 
Gv is the ratio of the blue to the red channel intensity normal­
ized in the same fashion. T inferred from a measured G v is a 
function of the rotational teniperature, and several curves are 
plotted for different rotational temperatures. 
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Fig. 8 Measured rotational, vibrational and electronic temperature 
histories for an incident nitrogen shock. The rotational and 
vibrational temperatures are those of the excited N Z + (B) mole­
cule and the electronic temperature is based on the relative 
populations of the NZ(X) and NZ(B) states. 
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